Non-uniform Fracture in Three-stage Forming Process of Sheared Protrusion for Current Collector of Molten Carbonate Fuel Cells  by Lee, Chang-Whan & Yang, Dong-Yol
 Procedia Engineering  81 ( 2014 )  1151 – 1156 
Available online at www.sciencedirect.com
1877-7058 © 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of the Department of Materials Science and Engineering, Nagoya University
doi: 10.1016/j.proeng.2014.10.280 
ScienceDirect
11th International Conference on Technology of Plasticity, ICTP 2014, 19-24 October 2014, 
Nagoya Congress Center, Nagoya, Japan 
Non-uniform fracture in three-stage forming process of sheared 
protrusion for current collector of molten carbonate fuel cells  
Chang-Whan Lee, Dong-Yol Yang* 
School of Mechanical Engineering & Aerospace System, Korea Advanced Institute of Science and Technology,  
291 Daehak-ro, Yuseong-gu, Daejeon 305-701, Korea 
Abstract 
The development of the non-uniform fracture layer and the effect of the non-uniform fracture on the forming process of the 
sheared protrusion were investigated through experiments and the finite element analysis. It was found that the non-uniform 
fracture occurred in the contact region between the slope of the slitting punch and the sheet due to the change of the slitting 
direction. In addition, the effect of the non-uniform fracture on the forming process of the sheared protrusion was investigated. 
Experiments involving microscopic and macroscopic observations were conducted to verify the finite element analysis of the 
three-stage forming process of the sheared protrusions.  
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1. Introduction  
Molten carbonate fuel cells (MCFCs) are high temperature fuel cells with overall fuel cell efficiencies of 80% 
and above (Li, 2005; O'Hyare et al., 2006). The bipolar plates of MCFCs are manufactured from the metallic 
sheets for high manufacturability and low cost (Yuh et al., 2006). The schematic figure of MCFCs is shown in Fig. 
1. The current collector supports the cathode, the matrix and the anode and forms gas channels. Currents generated 
from the electrochemical reaction of MCFCs flow through the metallic bipolar plate. In order to enhance the 
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efficiency of MCFCs and secure the long-term operation capability, the current collector has sheared protrusions 
with a high aspect ratio (h/L).  
In the forming process of the high sheared protrusion for the application of the current collector, the sheet is 
torn and the sheared protrusion is formed. For the simulation of the three-stage forming process, the ductile 
fracture criterion (Li et al., 2011) was employed in the commercial FEM software ABAQUS/Explicit with user 
material subroutine VUMAT. In the forming process of the sheared protrusion, non-uniform fracture occurred at 
the side surface of the sheared protrusion. In this work, the development of fracture in the forming process of the 
sheared protrusion was investigated by the finite element analysis. Experiments involving microscopic and 
macroscopic observations were conducted in order to verify the finite element analysis. In addition, the effect of 
the non-uniform fracture layer on the forming process was investigated.  
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Fig. 1. Schematic figure of molten carbonate fuel cells and unit structure of current collector. 
Nomenclature 
,V V   stress and effective stress 
, , fH H H  strain, effective strain and fracture strain 
d damage value of the material 
C critical damage value 
t0 initial thickness of the material 
w, h, L width of the sheared protrusion, height of the sheared protrusion, length of the sheared protrusion 
2. Forming process for the sheared protrusion 
2.1. Three-stage forming process for the sheared protrusion 
The current collector with high sheared protrusions was formed through the three-stage forming process(Lee et 
al., 2011). In the slitting process, the low sheared protrusion was formed. In the preforming process, the sheet is 
stretched with the designed shape. In the final forming process, the sheet is formed into the current collector for 
MCFCs. Yang et al. (Yang et al., 2013) designed the preform shape using the steepest-descent method. 
In the finite element analysis of the slitting process, the ductile fracture criterion of Cockcroft-Latham 
(Cockcroft and Latham, 1968) shown in Eq. (1) was employed. When the accumulated damage value (d) exceeds 
the critical damage value of the material (C), the corresponding element is deleted in the analysis (Ghosh et al., 
2005; Taupin et al., 1996). The critical damage value was determined by comparing the simulation results and the 
experimental results (Lee et al., 2011). The critical damage value (C) of the material for the metallic bipolar of 
MCFCs is 2.0.  
max
0
fd d C
H V H !
V³ .  (1) 
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The ductile fracture was implemented to commercial FEM software using ABAQUS/Explicit v6.10 with user 
material subroutine VUMAT. As shown in Fig. 2, a quarter model was utilized. In the simulation model, 39,752 8-
node hexahedral elements (C3D8R) were utilized. The tools in the simulation model (punches and dies) were 
modeled as rigid surfaces. For the contact between the sheet and tools, the Coulomb friction model (ȝ=0.2) was 
employed (Yang et al., 2013). Both in the experiment and in the simulation, the corner radii of the punch and the 
die were equally 7.5% of the thickness. The clearance between the punch and the die was 7.5% of the thickness. 
The Arbitrary Lagrangian Eulerian (ALE) option was used for the central region. The effect of inertia was not 
considered. The mass scaling was utilized to reduce the simulation time.  
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Fig. 2. Simulation model of three-stage forming process for current collector (Yang et al., 2013). 
2.2. Material for the sheared protrusion 
The experiments are conducted with the INSTRON 5583. The die-set is designed for the multi-stage forming 
process through progressive forming. The metallic sheets for the metallic bipolar plates in MCFCs are cold rolled 
stainless sheets (AISI 310S). The thickness of the metallic sheets was 0.4mm. The Young’s modulus and the yield 
stress were 140GPa and 246MPa, respectively. The isotropic hardening model was used. The flow stress of the 
material is given in Eq. (2) 
0.4551192.57(0.0314 )V   H .  (2) 
3. Results of the forming process for the sheared protrusion 
The simulation results using the optimized shape of the preforming punch are shown in Fig. 3. By using the 
designed preform shape (Yang et al., 2013), the sheared protrusion was formed without defects. In the experiment 
and the simulation, the minimum thickness occurred in the upper round region.  
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Fig. 3. Comparison of simulation results and experimental results (Yang et al., 2013). 
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The experimental result of the three-stage forming process is shown in Fig. 4(a). After the slitting process, the 
rollover, burnish, fracture and burr were developed. Fig. 4(b) shows the SEM images of the part. In the fracture 
layer shown in Fig. 4(c), the void, which is the result of the ductile fracture, was observed. In the experimental 
results, the ratio of the thickness of the fracture layer to the initial thickness, the ratio of the thickness of the 
burnish layer to the initial thickness and the ratio of the thickness of the rollover layer to the initial thickness were 
0.299, 0.484 and 0.217, respectively.  
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Fig. 4. Development of fracture in center of sheared protrusion; (a) Experimental result of three-stage forming process (b) SEM images of part 
(c) SEM images of fracture layer  
4. Discussion; Development of the non-uniform fracture in the forming process  
4.1. Investigation into the non-uniform fracture in the sheared protrusion  
After the forming process of the sheared protrusion, the thickness of the fracture layer was not constant as 
shown in Fig. 5. The thickness of the fracture layer increases from the center region (A) to the slit edge (B). 
Simulation results and experimental results show the similar tendency. The ratio of the thickness of the fracture 
layer to that of the initial thickness along A-B of the simulation result is illustrated in Fig. 6. The geometry of the 
slitting punch is also illustrated along A-B in Fig. 6.  
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Fig. 5. Development of non-uniform fracture layer; (a) Simulation results of three-stage forming process (b) SEM images of fracture layer of A 
(c) SEM images of fracture layer of B. 
The fracture layer began to increase at the starting point of the slope of the slitting punch. At A, the ratio of the 
thickness of the fracture layer to the initial thickness was 0.299. The ratio had the maximum value at B. The 
maximum value of the ratio was 0.402. After B, the ratio began to decrease. The difference between the thickness 
of the fracture layer of A and that of B is induced from the slitting process.  
Due to the slope of the slitting punch, the direction of slitting changed from the y-direction to the normal 
direction of the punch surface. At the slope of the trapezoidal shape, the large deformation of the sheet was 
induced between the slope of the punch and the slope of the die.  
In the center region, the sheet shows the same deformation with the shearing process. In the round region near 
the center plate in the center shown in section C (Fig. 7), a gap between the slitting punch and sheet was generated, 
because the formability of the round region near the center plate in the center shown in Fig. 7 is lower than that of 
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the lifted round region due to the connection to the base part of the sheet. This deformation mode is observed both 
in the experimental result and in the simulation result as shown in Fig. 7. For these reasons, there was the non-
uniform fracture layer after the slitting process. 
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Fig. 6. Ratio of thickness of fracture layer to initial thickness along A-B. 
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Fig. 7. Gap between the slitting punch and the sheet. 
The forming process without the slitting process for the trapezoidal protrusion with a high aspect ratio (h/L) 
creates a large non-uniform fracture layer, because the slope of the punch is longer than that of the slitting punch 
with a low aspect ratio. The large fracture layer and formation of a large burr induced from the forming process 
without the slitting process make the current collector more susceptible to corrosion. Therefore, the slitting process, 
which forms a trapezoidal shape with a low aspect ratio, is required to minimize the non-uniform fracture layer. 
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Fig. 8. Classification of deformation modes of sheared protrusion. 
4.2. Deformation modes of the sheared protrusion 
From the above, the deformation modes of the sheared protrusion are classified into three categories: shear 
deformation, slitting deformation and drawing deformation as shown in Fig. 8. In the center of the sheet, shear 
deformation occurs. The thickness of the fracture layer in the region is constant. This is classified into the region of 
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shearing deformation. The sheet contacting with the slope of the slitting punch undergoes slitting deformation as 
shown in Fig. 6. In the other region formed into the trapezoidal protrusions, the drawing deformation occurs. The 
deformation mode of the round region near the center plate is different from the other sheet metal forming 
processes, because the region is connected with the region where the slitting deformation occurs.  
4.3. Failure modes in the three-stage forming process of the sheared protrusion  
In the forming process of the sheared protrusions, the deformation in the preforming process and the final 
forming process mainly occur in the lifted round region and the slope of the trapezoidal shape, because the round 
region near the center-plate of the trapezoidal protrusion is connected with the base part of the sheet. Therefore, 
there are two failure modes in the three-stage forming process for the sheared protrusion. When the deformation is 
concentrated on the slope of the sheared protrusion, excessive deformation and local thinning occurs on the slope 
of the sheared protrusion. When deformation is concentrated in the lifted round region, local thinning occurs in the 
lifted round region. The optimized simulation result shown in Fig. 3 is the result of the compromise between 
deformation in the lifted round region of the protrusion and deformation in the middle of the slope (Yang et al., 
2013).  
5. Conclusion 
The ductile fracture criterion was employed in the commercial FEM software ABAQUS/Explicit with user 
material subroutine VUMAT for the simulation of the three-stage forming process. In the slitting process, the non-
uniform fracture layer occurred in the contact region between the slope of the slitting punch and the sheet in 
contact with the slope of the slitting punch due to the change of the slitting direction. In the simulation results, the 
ratio of the thickness of the fracture layer to the initial thickness is 0.299 in the center of the sheared protrusion. In 
the slope of the sheared protrusion, the ratio of the thickness of the fracture layer to the initial thickness is 
increased by 34.4% with the value of 0.402.  
In addition, the effect of non-uniform fracture on the forming process of the high sheared protrusion was 
investigated. Because the lower round region in the sheared protrusion is connected with the base part of the sheet, 
there are two failure modes in the forming process of the sheared protrusion; failure in the slope of the sheared 
protrusion and failure in the upper round region of the sheared protrusion. It has been found that the slitting 
process is necessary in order to minimize the non-uniform fracture layer.   
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